The Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10, 20, 30, 40 and 60 at%) amorphous alloys were prepared by the melt-spinning technique. The hydrogen permeability of those alloys was compared to derive the principles of the element addition. As the result, it was found that the hydrogen permeability of the Ni-Nb-Zr ternary amorphous alloys increases with increasing Zr content. However, the hydrogen permeation of the Ni 40 Zr 60 binary amorphous alloy was much smaller than that of the Ni 50 Nb 10 Zr 40 amorphous alloy. This behavior indicates that the Nb addition also improves the hydrogen permeability.
Introduction
Recently, for the coming fuel cell powered society, not only the improvement of the performance of fuel cells but the development of mass producing techniques of high purity hydrogen gas have been strongly required. For example, the social success of the fuel cell vehicles really depends on the prompt creation of the hydrogen infrastructure.
There are several techniques to produce pure hydrogen. 1) Membrane separation is a potential technique to save the production energy and cost because of its simple purification mechanism. Therefore, adoption of the membrane process to the hydrogen mass-production systems is quite effective to promote the creation of the hydrogen infrastructure and the wide spread of the fuel cell vehicles.
Nowadays, the Pd-based alloy membranes are practically used for hydrogen purification. 2) However, the Pd is a noble metal, resulting in the high cost of the hydrogen production systems. In order to create a hydrogen infrastructure all over the world, it is very important to save the cost to produce hydrogen by using inexpensive membranes. Hydrogen permeation of the non-Pd-based alloys has been investigated by many research groups. [3] [4] [5] [6] [7] We have developed the hydrogen permeable membranes by using melt-spinning technique. We reported that the Ni-Nb-Zr ternary amorphous alloys possessed an excellent hydrogen permeability of more than 1 Â 10 À8 [molÁm À1 Ás À1 ÁPa À1=2 ]. 8) As a next step, we need to clarify the effect of each additional element to develop more excellent membranes by optimizing the alloy compositions. So, the objective of this work is to clarify the role of Nb and Zr additions in the Ni-Nb-Zr ternary amorphous alloys and to investigate the effect of other additional elements substituting for Nb.
Experimental
The Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10, 20, 30, 40 and 60 at%) alloy ingots were prepared by arc-melting the mixture of pure metals in an Ar atmosphere. Moreover, the (Ni 0:6 X 0:4 ) 70 Zr 30 and (Ni 0:9 X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) alloy ingots were also prepared in the same manner to find the most effective element for the improvement of hydrogen permeation.
Melt-spun ribbons were produced by a single-roller meltspinning equipment in an Ar atmosphere. The ribbon specimens to measure the hydrogen permeation were about 10 mm wide and 20-50 mm thick. The amorphicity of the melt-spun ribbon specimens was investigated by X-ray diffractometry (CuK, 40 kV, 40 mA, hereafter denoted as XRD). The thermal stability of the melt-spun amorphous specimens was investigated by differential scanning calorimetry (heating at the rate of 0.33 K/s for the Ni 70Àx=2 -Nb 30Àx=2 Zr x amorphous alloys and 0.67 K/s for the Ni-X-Zr amorphous alloys, hereafter denoted as DSC).
Pd thin film of about 0.1 mm in thickness was deposited on both sides of specimens by the sputtering technique after polishing the surface with Emery papers. Hydrogen permeation measurements were performed with a conventional gaspermeation technique at the temperature of 573-673 K at the hydrogen pressure up to 0.2 MPa. Sample membranes were mounted in the gas-permeation cell. The diameter of the permeation flux was 5 mm. Pure hydrogen gas was introduced to one side of a membrane and then the flow of effluent gas from the other side (permeate side) was measured by a mass flow meter.
Results and Discussion
In this work, the Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10; 20; 30; 40 and 60 at%) alloys were produced by melt-spinning. The amorphicity was confirmed by XRD observations. As the result, no sharp diffraction peaks were seen in the diffraction patterns, indicating that all alloys possessed a single amorphous phase. Figure 1 shows the DSC curves of the melt-spun Ni 70Àx=2 -Nb 30Àx=2 Zr x (x ¼ 10; 20; 30; 40 and 60 at%) amorphous alloys. As previously reported by Kimura et al., 9) the Ni 60 -Nb 20 Zr 20 amorphous alloy possessed the widest super-cooled liquid region of ÁT x ¼ 55 K (ÁT x ¼ T x À T g ) in this ternary system. In this work, it was confirmed that the melt-spun Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10, 20 and 30 at%) amorphous alloys had the wide super-cooled liquid region. There observed the tendency that the crystallization temperature, T x decreased with increasing Zr content. Figure 2 shows the hydrogen permeability of the meltspun Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10, 20, 30, 40 and 60 at%) amorphous alloys. Hydrogen permeability increased with increasing Zr content in this ternary system. However, the hydrogen permeability of the Ni 40 Zr 60 amorphous alloy having the largest amount of Zr is much smaller than that of the Ni 50 Nb 10 Zr 40 amorphous alloy. From this observation, it can be said that both the Zr and the Nb additions are effective. Hydrogen solubility of both the Ni-Nb-Zr ternary amorphous alloys 10) and the Ni-Zr binary amorphous alloys 11) is proportional to the Zr content. Although the Ni-Nb binary amorphous alloy absorbs little hydrogen, 10) it is interesting that the Ni-Nb-Zr ternary amorphous alloys have larger hydrogen solubility than the Ni-Zr binary amorphous alloys. This may be because the Nb addition improves the amorphous structure to solve much more hydrogen atoms.
From above observations, the effect of Nb addition in the amorphous alloys was clearly indicated. Then the (Ni 0:6 -X 0:4 ) 70 Zr 30 (X ¼ Y, Ti and Hf) and (Ni 0:9 X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) alloys were prepared to investigate the effect of other additional elements substituting for Nb on hydrogen permeation. Figure 3 shows a part of the periodic table around Zr. The substitute elements were selected from the metals of 3a-5a groups around Zr.
The (Ni 0:6 X 0:4 ) 70 Zr 30 (X ¼ Y, Ti and Hf) and the (Ni 0:9 -X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) alloys were prepared by melt-spinning. All alloys produced in this study possessed a single amorphous phase except the (Ni 0:6 -V 0:4 ) 70 Zr 30 and (Ni 0:6 Ta 0:4 ) 70 Zr 30 alloys. It was difficult to produce the (Ni 0:6 V 0:4 ) 70 Zr 30 amorphous alloy because of too much addition of V which has low amorphous formability in the alloy. The (Ni 0:6 Ta 0:4 ) 70 Zr 30 amorphous alloy could not be melted by our melt-spinning apparatus because of extremely high melting temperature of Ta (2996 K). Figure 4(a) shows the DSC curves of the melt-spun (Ni 0:6 X 0:4 ) 70 Zr 30 amorphous alloys and Fig. 4(b) , the melt- spun (Ni 0:9 X 0:1 ) 70 Zr 30 amorphous alloys. The crystallization temperature of the (Ni 0:6 X 0:4 ) 70 Zr 30 amorphous alloys depends on the element species. The crystallization temperature of the (Ni 0:9 Y 0:1 ) 70 Zr 30 amorphous alloy is the lowest among the alloys produced in this work. There observed the rough tendency that the crystallization temperature of the (Ni 0:9 X 0:1 ) 70 Zr 30 amorphous alloys decreased with decreasing the melting temperature of the substitute elements although the melting temperature of Hf (2495 K) is larger than that of V (2173 K). Figure 5 shows the hydrogen permeability of the meltspun (Ni 0:6 X 0:4 ) 70 Zr 30 (X ¼ Ti and Hf) and (Ni 0:9 X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) amorphous alloys at 673 K. The (Ni 0:6 Y 0:4 ) 70 Zr 30 alloy was not used for the measurement because of its brittleness. There is a tendency that the hydrogen permeation increased with increasing content of the substitute element and decreasing Ni content, comparing the (Ni 0:6 X 0:4 ) 70 Zr 30 amorphous alloys with the (Ni 0:9 X 0:1 ) 70 Zr 30 ones. The maximum hydrogen permeability obtained in this work is 1:05 Â 10 À8 [molÁm À1 Ás À1 ÁPa À1=2 ] for the (Ni 0:6 -Ti 0:4 ) 70 Zr 30 amorphous alloy. It is a little smaller than the hydrogen permeability of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy. 8) In the (Ni 0:9 X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) amorphous alloys, although the measured values were scattered, there may be a tendency obtained from the figure that the hydrogen permeability of the alloys increased in the order of substitute metals, 3a metal (Y) > 4a metal (Ti,Hf) > 5a metal (V, Nb, Ta). It was previously reported that the addition of Y was effective to improve hydrogen permeation of Pd membrane. 12) This tendency may correspond to hydrogen affinity or hydrogen storage ability of those elements. The decrease in Ni content and the increase in the content of additional elements with higher hydrogen affinity are preferable to improve hydrogen permeability of the amorphous alloys.
Summary
In this work, the effect of Nb in the Ni-Nb-Zr ternary amorphous alloys on the hydrogen permeation was studied. Then the effect of other additional element as well as Nb on the hydrogen permeation was also studied. The results obtained are in the followings.
(1) The hydrogen permeability increased with increasing Zr content in the melt-spun Ni 70Àx=2 Nb 30Àx=2 Zr x (x ¼ 10; 20; 30; 40 and 60 at%) amorphous alloys. The Nb addition was also effective to improve the hydrogen permeation comparing the Ni 50 Nb 10 Zr 40 amorphous alloy with the Ni 40 Zr 60 amorphous alloy. (2) The hydrogen permeation increased with increasing content of substitute elements comparing the (Ni 0:6 -X 0:4 ) 70 Zr 30 (X ¼ Ti, Hf and Nb) and the (Ni 0:9 X 0:1 ) 70 -Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) amorphous alloys. The maximum hydrogen permeability obtained in this work is 1:05 Â 10 À8 [molÁm À1 Ás À1 ÁPa À1=2 ] at 673 K for the (Ni 0:6 Ti 0:4 ) 70 Zr 30 amorphous alloy. It is a little smaller than the hydrogen permeability of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy. In the (Ni 0:9 X 0:1 ) 70 Zr 30 (X ¼ Y, Ti, Hf, V, Nb and Ta) amorphous alloys, there is a tendency that the hydrogen permeability of the alloys increased in the order of substitute metals, 3a metal (Y) > 4a metal (Ti,Hf) > 5a metal (V, Nb, Ta) . This tendency may correspond to hydrogen affinity or hydrogen storage ability of those elements.
